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ubiquitination of H2A that results from
mutationof PR-DUBmight then lead to the
redistributionof thisH2Aub readercompo-
nent to ectopic sites, thereby titrating it
away from its usual targets (Figure 1B). A
similar scenario has been proposed for
the tandem chromo-helicase Chd1, which
binds H3K4me3 and was found to be
locally redistributed upon depletion of
a H3K4 demethylase (Eissenberg et al.,
2007). Although theRing1andYY1binding
protein (RYBP) has been shown to bind
in vitro to H2Aub and is involved in PcG-
mediated gene silencing (Arrigoni et al.,
2006), the identification of an H2Aub-
binding protein in vivo is still pending.
Finally, the loss of PR-DUB may affect
the expression, composition, or post-
translational modification of PcG com-
plexes themselves. Scheuermann et al.
(2010) did not find changes in dRing
expression upon PR-DUB mutation, but
one cannot rule out deregulation of other
PcG components. For example, mutation
of PR-DUB might result in aberrant ubiq-
uitination of dRing and/or other PcG
proteins, thereby changing their activity880 Developmental Cell 18, June 15, 2010 ª2or chromosomal distribution (Figure 1C).
Indeed, Ring1B is itself controlled by the
ubiquitin system: self-ubiquitination acti-
vates Ring1B for H2A ubiquitination,
whereas E6-associated protein (E6-AP)-
mediated ubiquitination at the same lysine
residue targets Ring1B for degradation
(Zaaroor-Regev et al., 2010).
Clearly, future analysis of PR-DUB
function will shed light on the role and
regulation of H2A ubiquitination. On a final
note, as emphasized by Scheuermann
et al. (2010), it is tempting to speculate
that the mammalian PR-DUB complex
might play an important role for embry-
onic stem cell activity and cell fate deci-
sions, as is the case for the other major
PcG complexes. Future experiments in
mammalian model systems should shed
light on this intriguing hypothesis.
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Messenger RNAs (mRNAs) are synthesized in the cell nucleus and transported through nuclear pores to the
cytoplasm for protein synthesis. Reporting in Nature Cell Biology, Mor et al. now track in living cells in real
time the journey of single mRNA molecules as they transit from nucleus to cytoplasm.The origin of the nucleus, the hallmark of
eukaryotes, is interwoven with the evolu-
tion of gene expression regulation made
possible by the spatial confinement
provided by the nuclear envelope. In
prokaryotes, genes are directly exposed
to ribosomes that attach to the 50-end of
nascent mRNA molecules and immedi-
ately start protein synthesis even before
transcription has been completed. In eu-karyotic cells, by contrast, transcription
occurs in the nucleus and only mRNA
molecules that move out to the cytoplasm
via pores in the nuclear envelope can
encounter functional ribosomes. Once in
the cytoplasm, some mRNA molecules
tend to remain close to the nucleus while
others are further transported and posi-
tioned at specific locations. This differen-
tial cytoplasmic mRNA localization playsa key role in the context of development
and differentiation. For many years, devel-
opmental biologists have known that
the mechanisms leading to asymmetric
mRNA localization in the cytoplasm
involve directed transport in association
with the cytoskeleton. In contrast to this
vectorial and regulated trafficking in the
cytoplasm, several lines of evidence indi-
cate that in the nucleus, mRNA molecules
Figure 1. Following the Messenger using the MS2-Fluorescent
Protein System
(A) The reporter gene constructs engineeredbyMor et al. (2010) contain the gene
of interest under the control of an inducible promoter based on the Drosophila
ecdysone receptor, followed by a 30 UTR containing 24 MS2 sequence repeats.
When a fluorescent protein (YFP) fused to the MS2 coat protein is recruited to
the MS2-binding stem-loops, the transcribed mRNA is rendered visible.
(B)After inductionofgeneexpressionbyponasteroneA,Moretal. (2010)detected
a fluorescent dot in the nucleus that corresponds to nascent reporter transcripts.
Approximately 10 min later, mRNAs were visible in the nucleoplasm. Single-
particle tracking revealed that mRNAsmove by randomdiffusion along preferen-
tial paths that exclude regions of compact chromatin and nucleoli. The mean
square displacement plotted over time was either linear (characteristic of simple
diffusion) or initially linear but then plateauing (characteristic of corralled diffusion
and indicating the presence of obstacles that hinder the particle movement).
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Previewsdiffuse randomly from the site
of transcription to the nuclear
pore. Definitive support for
this view was provided by a
pioneering study from the
Singer laboratory that showed
the first real-time tracking of
single mRNA molecules
bound to a fluorescent protein
(Shav-Tal et al., 2004). Mor
et al. (2010) now further
develop this methodology, in
a recent study published in
Nature Cell Biology, to follow
single mRNA molecules as
they travel in the nucleoplasm
and transit through nuclear
pores.
Mor and colleagues engi-
neered stable mammalian
cell lines harboring tandem
arrays of a series of reporter
genes in which 24 copies of
the RNA binding site for the
bacteriophage MS2 coat pro-
tein were inserted in the 30-
end (stem-loops in Figure 1A).
Single mRNA molecules are
rendered visible upon asso-
ciation of the RNA binding
site with an MS2-fluorescent
protein fusion (Figure 1A).
Following induction of gene
expression,fluorescentmRNA
molecules were initially de-
tected at the transcription site,
before moving to the nucleo-
plasm approximately 10 min
later, and then to the cyto-
plasm 20–30min later. Single-
particle tracking analysis re-
vealed that mRNAs diffuse in
the nucleoplasm througheither simple diffusion or corralled diffu-
sion movements (Figure 1B). Indeed, the
study provides compelling evidence that
mRNAs diffuse along preferential path-
ways that exclude the nucleolus and
regions of compact chromatin. These
results support the earlier view that mRNA
movementwithin thenucleus is channeled
(Zachar et al., 1993; Politz et al., 1999; Var-
gas et al., 2005). Importantly, the tracking
data did not reveal anomalous diffusion
(i.e., mRNAs did not spend long periods
trapped between random walks), indi-
cating that the moving mRNA particles
are not interacting with nuclear compo-
nents along the preferred paths. Possibly,these paths result simply from the pres-
ence of compact regions within the
nucleus—such as dense chromatin and
nucleoli—that are not accessible to
diffusing mRNA particles. Surprisingly,
full-length (14 kb) or shortened (4.8–8 kb)
versions of the reporter mRNA—encoding
the human dystrophin cDNA—all diffused
at a rate of 0.004–0.006 mm2 s1 with no
significant differences, despite their dif-
ferent sizes. It is possible that different
variants of dystrophin RNA are packaged
with similar sets of proteins into large
ribonucleoprotein particles (RNPs) with
comparable properties. However, as
expected, significantly shorter mRNADevelopmental Cell 18, June 15,variants (1.7–2.3 kb) moved
with higher diffusion coeffi-
cients.
In addition to observing
channeled mRNA movement,
Mor et al. identified mRNA
tracks that crossed the
nuclear envelope region and
estimated that the average
translocation rate through
a nuclear pore complex is
0.65 mm s1, which corre-
sponds to the translocation
of approximately one mRNA
in about 0.5 s. This is the first
time that nucleocytoplasmic
transport times of single
mRNA molecules have been
estimated in living cells.
Previous studies in permeabi-
lized cells indicated that a
nuclear pore complex can
translocate a cargo with a
mass of 80 MDa in approxi-
mately 1 s (Ribbeck and Go¨r-
lich, 2001). Although the exact
mass of individual mRNPs is
not known, one can estimate
that a 1.5 kb mRNA assem-
bles with proteins to form an
RNP of 2–4 MDa (Calapez
et al., 2002). Assuming an
10-fold higher mass for the
dystrophin RNPs given the
length of the mRNA (14 kb),
the predicted time for translo-
cation would be in the range
of 0.5 s, very similar to the
values now estimated by
Mor and colleagues in living
cells. Such a rapid nucleocy-
toplasmic flux must rely on
an active or facilitated trans-port mechanism that requires very
specific interactions of the nuclear pore
complex with nuclear transport receptors
bound to the cargomolecules (for a recent
review see Cook and Conti, 2010).
The real-time observations now re-
ported by Mor et al. have important impli-
cations for cell and development biology.
Because diffusion cannot be regulated,
control of mRNA trafficking in the nucleus
must operate either at the transcription
site before release into the nucleoplasm
or at the nuclear pore before facilitated
translocation to the cytoplasm. Consis-
tent with this model, RNA surveillance
mechanisms have been described to act2010 ª2010 Elsevier Inc. 881
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Previewsat the site of transcription and at the
nuclear pore (for a review see Schmid
and Jensen, 2008). The development
of methods to perform single-particle
tracking of specific mRNA molecules
using the fluorescent MS2 system also
opens new venues in experimental design
to study the mechanisms of asymmetric
mRNA localization, a prevalent process
with implications in many cellular func-
tions. In particular, the system is ideally
suited to experimentally test the theory
that certain mRNAs may be asymmetri-
cally exported from the nucleus by way
of a defined subset of nuclear pores
(Blobel, 1985). Clearly, the next grand
challenge after being able to track, in882 Developmental Cell 18, June 15, 2010 ª2real time, the movements of virtually any
type of RNA inside a cell will be to under-
stand the biological implications of these
movements.REFERENCES
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In Drosophila imaginal discs, viable cells are outcompeted by their faster growing neighbors in a process
called ‘‘cell competition.’’ A new study in this issue of Developmental Cell identifies the membrane protein
Flower as being specifically induced in the outcompeted cells and required for their ensuing apoptosis.Bad neighbors are a bane, but good
neighbors can also drive you over the
edge—at least if you happen to be an
epithelial cell located in a developing
Drosophila wing. This unneighborly be-
havior was first described more than 3
decades ago under the name of ‘‘cell
competition’’ (Morata and Ripoll, 1975).
In a nutshell, competing cells compare
their growth rates: the faster growing cells
‘‘win’’ and survive, the slower growing
cells ‘‘lose’’ and die. This process is
thought to maximize fitness by allowing
only the fittest cells to contribute to the
final organ. Several features characterize
cell competition (reviewed by Johnston,
2009). For one, it is restricted to imaginal
discs, and not seen in other larval tissues.
Within an imaginal disc, differentially
growing cells compete only if they are
located in close vicinity and within the
same compartment. Arguably the most
striking aspect of cell competition is thedeath of the outcompeted cells: these
loser cells are intrinsically viable and can
constitute a whole animal as long as
they are not located next to faster growing
winners—in extreme cases, even wild-
type cells can be outcompeted by adja-
cent ‘‘supercompetitors’’ (Moreno and
Basler, 2004; de la Cova et al., 2004).
Early experiments on cell competition
relied on mutations in ribosomal protein
genes (so-called Minutes) that reduce
cellular growth in a heterozygous state
and are lethal as homozygotes. A few
years ago it was realized that competition
is also triggered by differential activity of
the proto-oncoprotein Myc (but not by
other growth regulators, such as the
insulin signaling pathway; de la Cova
et al., 2004; Moreno and Basler, 2004).
Myc acts by stimulating ribosome biogen-
esis, and hence one common thread in
competition appears to be that cells
compare their relative ribosome activities.The subsequent death and elimination of
the loser cells requires the proapoptotic
protein hid in the dying cells (de la Cova
et al., 2004; and to some extent the kinase
JNK—Moreno and Basler, 2004) and an
active engulfment pathway in the neigh-
boring cells (Li and Baker, 2007). Thus,
the ultimate fate of outcompeted cells is
(at least partially) understood, but how is
this process set into motion? Observa-
tions in a tissue culture model indicate
that diffusible signals are emitted from
the winner and from the loser cells, both
of which are needed for the cell com-
petition to occur (Senoo-Matsuda and
Johnston, 2007), but little is known about
these signals, their receptors, and the
immediate consequences of their acti-
vation.
This is where the work of Eduardo Mor-
eno and colleagues, outlined in this issue
of Developmental Cell, comes in (Rhiner
et al., 2010). They generated clones of
